Recently, due to their unique properties, such as direct band, high thermal stability, etc., GaN and its related III-nitrides have attracted considerable attention for the application in light-emitting diodes (LEDs), especially, liquid crystal display back-lighting, general lighting, and outdoor commercial display [1] [2] [3] . By now, the GaN-based devices prepared on sapphire substrates have already been commercialized 4-5 . However, several obstacles originated from the sapphire substrates hamper the further development of GaN-based devices on sapphire substrates [6] [7] 
. By now, the GaN-based devices prepared on sapphire substrates have already been commercialized [4] [5] . However, several obstacles originated from the sapphire substrates hamper the further development of GaN-based devices on sapphire substrates [6] [7] . First, the sapphire has very low thermal conductivity, which means that it is poor in heat dissipation 6 . In this regard, the generated heat in the GaN-based devices prepared on sapphire substrates during working can't be conducted out timely, and therefore leads to the poor performance and eventually short lifetime of GaN-based devices on sapphire substrates. Second, the size of commercially available sapphire is only of 4-inch, and it is costly 7 . Therefore, the price for the fabrication of GaN-based devices on sapphire substrates is very expensive.
To circumvent these issues, Si substrate seems to be a very promising material for the preparation of GaN-based devices. On the one hand, the thermal conductivity of Si is as high as 130 W/(m·K), which is 4 times higher than that of sapphire [8] [9] . Therefore, heat dissipation of GaN-based devices grown on Si substrates will be very excellent. Second, the size of Si substrate is now available of 12-inch and its cost is very low, which benefits to the preparation of low cost GaN-based devices [8] [9] . However, there are still several barriers in the growth of GaN epitaxial films on Si substrates. On the one hand, the direct growth of GaN on Si may lead to the formation of SiGa alloy or/and amorphous SiN during the high temperature growth by metal-organic vapor deposition (MOCVD), for example 1000 °C, which makes hard for the nucleation of GaN epitaxial films and thereby the failure of epitaxy [10] [11] . On the other hand, the lattice and coefficient of thermal expansion (CTE) mismatches between GaN and Si are very large, which would lead to the formation of high-density dislocations formed during the initial growth and cooling process [12] [13] . This is detrimental to the epitaxial growth of high-quality GaN epitaxial
Scientific RepoRts | 6:24448 | DOI: 10.1038/srep24448
films. In this regard, a variety of approaches, such as AlN, SiC, and composition graded Al x Ga 1−x N buffer layer, etc., have been adopted to solve the meeting problems of GaN on Si mentioned above 10, [14] [15] [16] 10 . Although the high-quality GaN epitaxial films can be obtained, the process of growing composition grated Al x Ga 1−x N buffer layer is very complicated, and the composition x in Al x Ga 1−x N buffer layer is hard to be well controlled.
In this work, we report on a very effective and simple approach to grow GaN epitaxial films on Si substrates by the combination of MBE and PLD. MBE is deployed to grow ~30 nm-thick Al(111) epitaxial films on Si(111) substrates at first. On the one hand, due to the fact that the lattice mismatch between face centered cubic Al in [11 -0] direction and diamond structure Si in [11 -0] direction is as small as ~0.9%, the dislocations formed during the initial growth are greatly reduced when compared with that between AlN and Si, and eventually benefits to the nucleation of Al epitaxial films [17] [18] . On the other hand, thanks to the advantageous of MBE, i.e. high-vacuum, high-quality Al(111) epitaxial films in single-crystalline can therefore be easily obtained on Si(111) substrates [17] [18] , which is different from that grown by electron beam evaporation (EBE), where polycrystalline or amorphous Al epitaxial films are usually obtained owing to the inherent shortcoming of EBE system, i.e., poor-vacuum [19] [20] . After epitaxial growth of ~30 nm-thick Al buffer layer, PLD is then adopted to grow ~300 nm-thick GaN epitaxial films. Thanks to the kinetic energy of GaN precursors produced by PLD when ablating the GaN ceramic target, the generated GaN precursors would react with the Al atoms [21] [22] , which leads to the formation of AlGaN layer to release the stress in the films. On the one hand, the lattice and CTE mismatches between AlGaN and GaN are very small 4 . On the other hand, during the growth of GaN epitaxial films, the kinetic energy GaN precursors produced by PLD have enough energy for the migration on the AlGaN buffer layer [21] [22] . By the combination of MBE and PLD technologies, high-quality GaN epitaxial films on Si substrates with Al buffer layer have been obtained. The effect of growth temperature on the properties of as-grown GaN epitaxial films is studied, and the corresponding growth mechanism of GaN epitaxial films grown on Si substrates with Al buffer layer by the combination of MBE and PLD is hence proposed. This work provides an effective approach for the growth of high-quality GaN epitaxial films on Si substrates for the future application of GaN-based devices.
In order to obtain the oxide-free and hydrogen terminated Si surfaces in the air, the as-received Si substrates bought from Shanghai Daheng Optics and Fine mechanics Co., Ltd were cleaned by H 2 SO 4 : H 2 O 2 : H 2 O (3:1:1) and buffered-oxide-etch (BOE) HF (20:1), respectively. Before transferring into an ultra-high vacuum (UHV) growth chamber with a background pressure of 3.0 × 10 −10 Torr, the as-cleaned Si(111) substrates were taken a degassing treatment in a UHV load-lock with a background pressure of 1.0 × 10 −8 Torr for 30 min. Subsequently, the as-degassed Si(111) substrates were annealed at 850 °C for 60 min to remove the residual surface contaminations, which is beneficial to the subsequent growth of Al epitaxial films. During the epitaxial growth, ~30 nm-thick Al buffer layer was firstly grown on Si substrates at an optimized temperature of 750 °C by MBE with the Al cell temperature of 1200 °C. After the growth of Al buffer layer, ~300 nm-thick GaN epitaxial films were grown on Al buffer layer at the temperature ranging from at 550-850 °C by a KrF excimer laser light (λ = 248 nm, t = 20 ns) with optimized laser rastering program [21] [22] , ablating the high-purity GaN (4N) target. Meanwhile, high-purity nitrogen with the optimized pressure of 4 mTorr was supplied through the inert gas purifier and the radio-frequency plasma radical generator was operated at 500 W to enhance the growth of GaN films. The laser energy was set at 250 mJ with a pulse repetition of 30 Hz. The as-grown GaN epitaxial films were studied by white-light interferometry (Y-Wafer GS4-GaN-R-405), in-situ reflection high energy electron diffraction (RHEED), scanning electron microscopy (SEM, Nova Nano SEM 430 Holland), atomic force microscopy (AFM, Bruker Dimension Edge, American), high-resolution X-ray diffraction (XRD, Bruker D8 X-ray diffractometer with Cu Kα1 X-ray source λ=1.5406 Å), and high-resolution transmission electron microscopy (TEM, JEOL 3000F, field emission gun TEM working at a voltage of 300 kV, which gives a point to point resolution of 0.17 nm) for surface morphology, crystalline quality, and interfacial property, respectively. Figure 1a shows a typical photograph of ~300 nm-thick GaN film grown on Si(111) substrate at 850 °C for 90 min by PLD with optimized laser rastering program, and its corresponding thickness distribution measured by white-light interferometry is shown in Fig. 1b . From Fig. 1b , one can find that very homogeneous GaN epitaxial films with the thickness of ~300 nm are obtained. Therefore, the growth rate for GaN epitaxial films grown on Si substrates in this case is measured to be 200 nm/h. Using the same method, the growth rate for GaN epitaxial films grown on Si substrates at temperature of 550, 650, 750, 850 and 880 °C is determined to be 141, 168, 185, 200 and 208 nm/h, respectively, as shown in Fig. 1c . Evidently, with the increase in growth temperature from 550 to 880 °C, the growth rate for GaN epitaxial films on Si substrates is gradually increased.
The in-situ RHEED measurement is adopted to monitor the whole growth process. Figure 2a reveals a sharp and clear RHEED pattern for as-annealed Si(111) substrates, which confirms that atomically flat Si substrate surfaces are obtained. After annealing process, ~30 nm-thick Al epitaxial films are firstly grown on Si substrates by MBE. Figure 2b shows a spotted RHEED pattern for the Al epitaxial films, indicating that the Al epitaxial films with three-dimensional Al islands have been grown on Si substrates, which will be the nucleation centers for the subsequent films growth 22 . Finally, ~300 nm-thick GaN epitaxial films are grown on these Al epitaxial films. As for GaN epitaxial films grown at 550 °C, spotty RHEED patterns can be obtained, as shown in Fig. 2c . This is in striking contrast to that of GaN epitaxial films grown at 850 °C with identical thickness, Fig. 2d , revealing that the very flat GaN surface have been obtained. However, when the growth temperature for GaN epitaxial films is further increased to be 880 °C, the RHEED patterns for the ~300 nm-thick GaN epitaxial films become slightly poorer, as shown in Fig. 2e . After careful study, an in-plane epitaxial relationship of GaN[110]//Al[10]//Si [10] can be obtained [23] [24] . SEM and AFM measurements are deployed to study the surface morphology of as-grown GaN epitaxial films grown on Si substrates with ~30 nm-thick Al buffer layer at various temperatures. After annealing, the ~30 nm-thick Al epitaxial films are then grown on Si substrates. Figure 3a reveals that there are many islands formed on the Si surfaces with the diameter of 100-200 nm. Meanwhile, the AFM measurement confirms the results obtained from SEM measurement, revealing a RMS surface roughness of 16.1 nm shown in Fig. 4a . The height profile along a straight line on the as-grown Al surface indicates that the diameter of Al islands are in the range of 100-200 nm as illustrated in Fig. 4b , which is well consistent with SEM measurement. Subsequently, GaN epitaxial films are grown on Al buffer layer by PLD. Figure 3b shows the typical SEM image for the ~300 nm-thick GaN epitaxial films grown on Si substrates at 550 °C, where GaN islands homogenous distributed on Al layer with the diameter of 200-300 nm can be found, as shown in Fig. 3b . These results are proved by AFM measurement as illustrated in Fig. 4c,d . Obviously, the surface morphology for GaN epitaxial films grown on Si substrates at 550 °C is very rough, and its RMS surface roughness is measured to be 23.1 nm, as shown in Fig. 4c,d . As the growth temperature of GaN epitaxial films is increased, the surface morphology of as-grown GaN epitaxial films is improved significantly. Especially, GaN epitaxial films grown at 850 °C reveal a very smooth GaN surface, as shown in Fig. 3c , and the RMS surface roughness is reduced to 2.5 nm and the surface of GaN is coalesced, respectively, as illustrated in Fig. 4e ,f. These are in striking contrast to the results obtained from the ~300 nm-thick GaN epitaxial films grown on Si substrates at 550 °C. However, when the growth temperature of GaN epitaxial films is further increased to 880 °C, the surface morphology for the as-grown GaN epitaxial films becomes slightly poorer with the RMS surface roughness of 3.8 nm, as shown in Fig. 3d, and Fig. 4g ,h. Evidently, the growth temperature of GaN epitaxial films plays an important role in the surface morphology of GaN epitaxial films grown on Si substrates by PLD.
To further study the structural properties of as-grown GaN epitaxial films on Si substrates with the ~30 nm-thick Al buffer layer grown at various temperatures, XRD 2θ-ω and ϕ scans are adopted. temperatures ranging from 550 to 880 °C. From Fig. 5b , one can clearly identify that the intensity for GaN(0002) and GaN(0004) is gradually increased and then is slightly decreased as the growth temperature is raised from 550 to 880 °C, under the same Si signal as illustrated by red dashed frame in Fig. 5b . These results reveal the higher crystalline quality of the as-grown ~300 nm-thick GaN epitaxial films grown at 850 °C. To further study the structural properties of as-grown epitaxial films, a clearer XRD 2θ-ω curve for ~300 nm-thick GaN epitaxial films grown at 850 °C is provided in Fig. 5c , where the peaks of AlGaN(0002), AlGaN(0004) and Al(111) can be found. In this regard, the out-of-plane epitaxial relationship of GaN(0002)//AlGaN(0002)//Al(111)//Si(111) is obtained. In order to investigate the in-plane epitaxial relationship, typical ϕ scan is deployed. Due to the poor crystalline quality of Al and AlGaN epitaxial films, the ϕ scan for AlGaN and Al can't be detected by XRD. In contrast to these results, six-fold rotational peaks for Si (11 -3) and GaN(112 -2) can be observed in Fig. 5d [25] [26] . By the combination of XRD 2θ-ω and ϕ results, we therefore can conclude that GaN epitaxial films have been grown on Si substrates. X-ray rocking curves (XRCs) are introduced to characterize the crystalline quality of the as-grown GaN epitaxial films. Figure 6a and b show the XRCs for GaN(0002) and GaN(101 -2) of the ~300 nm-thick GaN epitaxial films grown at 850 °C, where the full-width at half-maximums (FWHMs) for GaN(0002) and GaN(101 -2) XRCs of 0.45° and 0.61°, respectively, can be obtained. These results are in striking contrast to those of GaN(0002) and GaN(101 -2) XRCs of 0.7° and 0.8°, respectively, obtained from the ~300 nm-thick GaN epitaxial films grown on Si substrates with AlN buffer layer by PLD and are also better than the GaN films grown on Si substrates with ZnO buffer layer by PLD [27] [28] . It is known that the FWHMs of GaN(0002) and GaN(101 -2) are related to the dislocation density, and the larger the FWHM is, the higher dislocation density in as-grown GaN epitaxial films will be 29 . Therefore, the crystalline quality of GaN epitaxial films grown on Si substrates with Al buffer layer is much better than that of GaN grown on Si substrates with AlN buffer layer by PLD.
The growth temperature dependence of crystalline quality for the ~300 nm-thick GaN epitaxial films grown with various temperatures is also studied. The FWHMs for GaN(0002) and GaN(101 -2) XRCs are 1.2° and 1.75°, respectively, for the ~300 nm-thick GaN epitaxial films grown at 550 °C; which are gradually reduced to 0.45° and 0.61°, respectively, as the growth temperature increases to 850 °C, as shown in Fig. 6c . These results indicate that the crystalline quality increases as the growth temperature rises from 550 to 850 °C. However, as the growth temperature is further increased to 880 °C, the FWHMs for GaN(0002) and GaN(101 -2) XRCs are 0.51° and 0.80°, indicating the incline in crystalline quality.
We attribute the smooth surface and high crystalline quality of GaN epitaxial films on Si substrates with Al buffer layer by the combination of MBE and PLD to two aspects. One is the utilization of MBE and PLD, and the other is the suitable growth temperature. In the former case, thanks to the inherent advantages of MBE, i,e., high-vacuum, and small lattice mismatch between Al and Si, high-quality Al epitaxial films in single crystalline have been grown, which is beneficial to the subsequent growth of GaN epitaxial films. PLD is then employed to grow ~300 nm-thick GaN epitaxial films. Due to the superior advantages of PLD, the GaN precursor formed by PLD is highly-energetic, which has enough kinetic energy for the reaction of GaN to form AlGaN layer. The formation of AlGaN layer not only can release the formed stress in the films but also would benefit to the subsequent growth GaN epitaxial films due to the small lattice and CTE mismatches between GaN and AlGaN. In the latter case, suitable growth temperature is good to obtain suitable growth rate for the GaN growth, which helps the migration of GaN precursors to the equilibrium position, and eventually the high-quality GaN epitaxial films. If the growth temperature is too low, the growth rate for the GaN epitaxial films growth will be low. In this case, the GaN precursor is superimposed by the additional coming GaN precursor before moving into its equilibrium position due to the fact that the GaN precursor does not have enough kinetic energy [30] [31] [32] . If the growth temperature is too high, the growth rate for the GaN epitaxial films growth will be high. In this case, there is no sufficient time for the GaN precursor to migrate to its equilibrium position before being superimposed by the additional coming precursor. Both of these two cases would roughen the as-grown GaN surface [30] [31] [32] . As a matter of fact, high-density dislocations are formed during these processes.
Cross-sectional TEM is adopted to study the interfacial property of the as-grown GaN epitaxial films grown on Si substrates with the ~30 nm-thick Al buffer layer. Figure 7a shows a cross-sectional TEM image of GaN epitaxial films grown on Si substrates at low magnification, where four layers, i.e., Si substrates, buffer layer, GaN epitaxial films, and glue layer, from downside to upside can be clearly identified. Meanwhile, the thickness of GaN epitaxial films is measured to be ~301 nm, which is well consistent with the result obtained from white-light interferometry measurement. Figure 7b reveals a cross-sectional TEM image for GaN epitaxial films grown on Si substrates at medium magnification, from which ~30 nm-thick Al buffer layer can be found. To further study the Al/Si, AlGaN/Al and GaN/AlGaN hetero-interfaces, cross-sectional TEM image at high magnification is conducted, as shown in Fig. 7c -e, where sharp and abrupt Al/Si, AlGaN/Al and GaN/AlGaN hetero-interfaces can be clearly identified. Moreover, the formation of AlGaN layer is also proved, which is formed during the interfacial reactions between Al epitaxial films and GaN precursors during the initial growth. Selected area electron diffraction (SAED) is deployed to study these hetero-interfaces, as illustrated in Fig. 7f. From Fig. 7f , one can find the sharp and clear diffraction patterns for Si, Al, AlGaN and GaN, respectively, as marked in white, red, green, and blue circles, respectively. Meanwhile, some extra spots marked with pink circles are the diffractions from stacking faults of AlGaN [36] [37] [38] [39] [40] . Additionally, after carefully study of SAED patterns, an in-plane epitaxial relationship of GaN [11 - [21] [22] [33] [34] [35] [36] . Based on the characterizations mentioned above, the growth mechanism of GaN epitaxial films grown on Si substrates with Al buffer layer by the combination of MBE and PLD technologies is hence proposed. At first, Al buffer layer is grown on Si substrates by MBE, as shown in Fig. 7c . Due to the inherent advantages of MBE, i.e., high-vacuum, and small lattice mismatch between Al and Si, high-quality Al epitaxial films can be grown on Si(111) substrates and is good for the subsequent growth of GaN epitaxial films, which is in striking contrast to the Al epitaxial films grown by EBE that usually shows poor-quality [19] [20] . Afterwards, GaN epitaxial films are grown on these Al epitaxial films by PLD. It is known that the GaN precursor produced by PLD is usually highly-energetic and has enough energy for the reaction with Al buffer layer to form AlGaN, as shown in Fig. 7d . This process is in striking contrast to that of GaN grown by MOCVD or MBE, which does not form AlGaN when growing GaN on Al due to the fact that the GaN precursors produced by MOCVD and MBE are not highly-energetic enough 10, 15 . One can find that there are stacking faults formed in AlGaN layer marked with red dashed frames in Fig. 7d ,e. As for the nature of stacking fault formation, the intrinsic stacking fault character with a stacking sequence of … ABABCBCB… along the close-packed growth can be clearly identified from Fig. 7d , which implies that the stacking fault has introduced a thin layer of cubic stacking … ABC… into the hexagonal layer of the stacking sequence … ABABAB… . [37] [38] [39] . In this regard, this stacking fault can be regarded as a thin plate like cubic inclusion in the hexagonal GaN caused by the presence of Al, which is confirmed by the XRD 2θ-ω measurement. During this process, the stress formed in AlGaN layer will be released by the formation of stacking faults [37] [38] [39] [40] [41] . Meanwhile, the formed AlGaN layer will be beneficial to the growth of GaN epitaxial films, because the lattice and CTE mismatches between GaN and AlGaN is very small. After the formation of AlGaN layer with relatively high crystalline quality, the GaN precursors produced by PLD can then be easily grown. Thanks to the inherent advantages of PLD, the GaN precursors produced by PLD have enough energy and sufficient time to migrate to the equilibrium position before being superimposed by the additional coming GaN precursor through optimizing the growth conditions, especially, growth temperature, to obtain the suitable growth rate, and eventually obtaining high-quality GaN epitaxial films with flat GaN surface and high crystalline quality, as well as the abrupt hetero-interfaces. The detailed processes are shown in Fig. 8 . In this regard, by the combination of MBE and PLD technology to make full use of their advantages, GaN epitaxial films with relatively high crystalline quality can be grown on Si substrates within a very thin thickness of ~300 nm.
In summary, high-quality GaN epitaxial films have been grown on Si substrates with Al buffer layer by the combination of MBE and PLD technology. In this work, MBE is used to grow ~30 nm-thick Al epitaxial films at first, and then PLD is deployed to grow ~300 nm-thick GaN epitaxial films on this Al buffer layer. The effect of growth temperature on the properties of GaN epitaxial films grown on Si substrates with Al buffer layer is carefully studied. It is found that when the growth temperature is increased from 550 to 880 °C, the properties of the as-grown ~300 nm-thick GaN epitaxial films are gradually improved at first and then deteriorated, and the as-grown ~300 nm-thick GaN epitaxial films grown at 850 °C show the optimal values. The surface roughness of the as-grown GaN epitaxial films grown at 850 °C is measured to be 2.5 nm, and the FWHMs for GaN(0002) and GaN(101 -2) XRCs are 0.45° and 0.61°, respectively. Moreover, the growth mechanism for the combination of MBE and PLD growth of high-quality GaN epitaxial films on Si substrates with Al buffer layer is hence proposed. Furthermore, this work provides an effective and simple approach for the growth of high-quality GaN epitaxial films on Si substrates. Based on this research, future work should be focused on the preparation of GaN-based devices with these high-quality GaN epitaxial films. 
